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TABLE OF SYMBOLS 
 
α Shear factor [-] 
v Wind speed [m/s] 
z Height of the sensor [m] 
TI Turbulence intensity [-] 
σv Standard deviation of the wind speed [m/s] 
T Air temperature [K] 
RH Relative humidity [%] 
k Class number of the anemometer [-] 
Kp Coverage factor [-] 
Ui Wind speed in bin i [m/s] 









Shear factor 𝛼𝛼 =
ln( 𝑣𝑣1 𝑣𝑣2� )
ln�𝑧𝑧1 𝑧𝑧2� �
 (2) 
Uncertainty contribution from 
anemometer behaviour 𝑈𝑈𝐹𝐹𝐹𝐹 2,𝑖𝑖 = (0.05
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Following an order of Massachusetts Clean Energy Center a calibration of a LiDAR of the type 
WindCube V2 by Leosphere (WLS7-436) against a met mast has been performed at a test site in the 
US. 
In this report the measurement results of the LiDAR device are compared to those from calibrated cup 
anemometers mounted on a met mast. The aim of this comparative assessment is to convey 
traceability to international standards of this particular LiDAR unit. The evaluation process is based on 
the IEC 61400-12-1 Ed. 2 Annex L [2]. This standard describes the calibration procedure of remote 
sensing devices in the frame of power curve measurements on wind turbines. However, this approach 
generally also applies in the field of wind resource assessment, under the recommendations of 
MEASNET [4]. 
The data of the LiDAR measurement (130 m, 125 m, 95 m and 60 m) have been compared with the 
measured met mast data at 4 different heights (130 m, 125 m, 94 m and 58 m) during a period of 36 
days (2019.08.20 – 2019.09.25) for wind speed bins between 4 – 16 m/s and for the wind direction 
sector 67 – 354°. In addition, measurement results of the met mast and LiDAR unit have been 
compared in terms of turbulence intensity, wind direction and wind shear. 
UL was not involved in the installation of the instruments on the mast but has gathered all relevant 
information. However, UL was responsible for the installation of the LiDAR unit close to the mast. 
It is ensured that the results presented in this report have been measured in an unbiased manner, 
following the best practices and to the best knowledge of the participating persons. 
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2. MEASUREMENT SITE 
2.1 Description 
The test site is located in the state of Texas in the US. The LiDAR unit was located in a distance of 
about 44 m South-West from the met mast. The altitude of the LiDAR unit was approximately 1100 m 
above sea level. The mast and LiDAR unit are located at the edge of an open field. The further vicinity 
of the test site remains flat and consists of open fields and woods. 
As far as obstacles are concerned, a turbine is located approximately 300m NNE of tower and a 80m 
NRG tilt up tower at approximately 500m N of the tower. 
The coordinates of the reference mast and the LiDAR are given in Tab. 2.1 Coordinates of the LiDAR 
and the reference mast (Geographic [deg,min,sec], WGS84). 
These coordinates were measured by UL within the accuracy of the GPS measuring device. 




LiDAR 101°47'30.36" 34°57'52.44" 
Reference Mast 101°47'29.66" 34°57'53.75" 
The test site is suitable for RSD calibration. It is considered as flat terrain according to IEC 61400-12-1 
Ed.2 [2]. Topographic data was acquired from the publicly available Shuttle Radar Topography 
Mission (SRTM) [8]. The site topographical variations and requirements are summarized in the 
following table. 




















< 2L 360 degrees < 3 % 0.9 % < 16.7 m 3.6 m pass 
≥ 2L and < 
4L 
Measurement 
sector < 5 % 0.6 % < 33.3 m 6 m pass 





< 10 % 0.7 % Not applicable 
Not 
applicable pass 
≥ 4L and < 
8L 
Measurement 
sector < 10 % 0.5 % < 50.0 m 8.6 m pass 
≥ 8L and < 
16L 
Measurement 






The maximum slope observed within a range of 500 m (2 L) from the met mast is 0.9%. 
The maximum terrain variation from plane within a range of 1 km (4 L) from the met mast is 6 m. 
There is a remarkable magnetic declination present at the site: 6.04°E ± 0.34° changing by 0.10°W 
per year. 
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Fig. 2.1 The online resource “Google Earth” provides a good impression of the location [7]. 
 
Fig. 2.2 Close-up map of the mast and LiDAR positions. 
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2.3 Panoramic view of the test site 
 
 
Fig. 2.3 View towards north. 
 
 
Fig. 2.4 View towards northeast. 
 




Fig. 2.6 View towards southeast. 
 
Fig. 2.7 View towards south. 
 
Fig. 2.8 View towards southwest. 
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Fig. 2.9 View towards west. 
 
 
Fig. 2.10 View towards northwest. 
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2.4 Determination of the measurement sector 
Around the reference mast and the LiDAR, a wind turbine is located which was considered for the 
determination of the measurement sector.  
Tab. 2.3 Measurement sector for power curve measurements according to the IEC 61400-12-1 0. The 
reference mast has been used as a reference (x=0; y=0) in the x;y coordinates. 
Object X1 Y2 D3 Distance to object 
Direction 
from object Wake 
 [m] [m] [m] [D] [degrees] [degrees] [degrees] 
Reference mast disturbed 
WT 1 (Gold wind 3S) 154 261 140 2.17 29 354 67 
Met mast undisturbed 67 354 
RSD disturbed 
WT 1 (Gold wind 3S) 154 261 140 2.48 28 356 64 
LiDAR undisturbed 64 356 
Final Measurement sector according to IEC 61400-12-1 0 67 354 
 
3. WIND MEASUREMENT  
A complete overview of the measuring equipment of the met mast including serial numbers and 
calibration values is given in Tab. 10.1.  
3.1 Description of the met mast 
The meteorological mast consists of a Lattice Triangular construction. It has been erected at an 
altitude of about 1100 m above sea level. The measurement mast is still in use.  
The mast layout presents some deviations with respect to IEC 61400-12-1 Ed. 2 [2]. The top 
anemometer is attached above one corner of the triangular mast; therefore, it should be mounted at a 
height of at least 11 times the mast section above the mast, this was not respected in this mast layout. 
Furthermore, the exact orientation of the lightning catcher with respect to the top anemometer could 
not be fully verified in the documentation. The effect of the lighting catcher however is most likely 
filtered out by the turbine wake filter presented in section 2.4. In addition, the mast disturbance filter on 
section 4.4 was also applied to the top anemometer since the top arrangement is not compliant with 
the IEC. As a result, additional mounting uncertainty has been applied to the top anemometer.  
The measured data are recorded by a data logger of type Campbell Scientific CR1000X/2438 with a 
sampling rate of 1 Hz. The time zone of the logger is set to UTC-6. 
The orientation of the booms was measured by UL with a GPS during the site inspection and has 
been verified.  
A visual check of the mast has been performed during the site inspection and the condition of the 
measurement mast was good. 
Only the sensors that were used for the calibration evaluations have been considered here. A 
complete overview of the sensors mounted on the mast can be found in Fig. 3.1. 
                                                     
1 Coordinates in east direction (seen from the measured turbine) 
2 Coordinates in north direction (seen from the measured turbine) 
3 Rotor diameter of the WT resp. equivalent rotor diameter of obstacle according to IEC  
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3.1.1 Wind speed 
The measurement of wind speed was performed at 4 heights. 
At the top of the tower, at 130 m, one cup anemometer of type Thies Clima (v1) have been mounted 
on an L-shaped boom pointing towards 0°.  
 
A second anemometer (v2) of type Thies Clima was mounted at 125 m on an L-shaped boom pointing 
towards 294°.  
 
A third anemometer (v3) of type Thies Clima was mounted at 94 m on an L-shaped boom pointing 
towards 294°.  
 
A fourth anemometer (v4) of type Thies Clima was mounted at 58 m on an L-shaped boom pointing 
towards 294°.  
 
All the anemometers are classified following IEC 61400-12-1 Ed. 2 [2], Annex I [2] as 0.9A or 1.8A 
class sensors [6].  
All anemometers have been calibrated by the client in a wind tunnel (MEASNET [5], DAkkS/DKD 
accreditation) before the wind measurement period. The respective calibration certificates are given in 
the appendices (see section 10.2). 
3.1.2 Wind direction 
The main wind direction (Dir1) was measured at a height of 125 m on the met mast with a wind vane of 
type Thies Clima, mounted on an L-shaped boom. This wind vane is orientated towards 112° and is 
used as a reference for direction filtering for the calibration evaluations. 
3.1.3 Air temperature, relative humidity and air pressure sensors 
The temperature was measured at a height of 121 m and the air pressure sensor was measured at a 
height of 121 m. 
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3.2 Photo documentation of met mast 
 
Fig. 3.2 Top section. Top mounted anemometer Thies Clima on top boom at 130 m. Anemometer Thies 
Clima on L-shaped boom at 125 m and wind vane Thies Clima mounted on an L-shaped boom at 125 m. 
Anemometer Young on L-shaped boom at 122 m and wind vane Thies Clima mounted on an L-shaped 
boom at 122. 
 
 
Fig. 3.3 Anemometer Thies Clima on L-shaped boom at 94 m and wind vane Thies on an L-shaped boom 
at 94 m. 
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Fig. 3.4 Anemometer Thies Clima on L-shaped boom at 58 m and wind vane Thies on an L-shaped boom 
at 58 m. 
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Fig. 3.5 Complete mast overview. 
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3.3 Description of LiDAR unit 
The LiDAR device is of type WindCube V2 by Leosphere. The unit ID is “WLS7-436”. The unit was 
located at an elevation of 1100 m above sea level. The measuring range is 40-200 m. At each height 
measurements of horizontal and vertical wind speed as well as wind direction are performed. For each 
time step and measuring height a signal quality is supplied in addition.  
LiDAR data was synchronized to UTC+0. 
The measurement period of the LiDAR device was 2019.08.20 – 2019.09.25 (36 days).  
The measurement data are supplied as 10-min statistics values. 
According to the information received from the manufacturer, there is no indication of a technical 
problem or fixed echoes. 






GPS Location=Lat:34.964570N, Long:101.791760W 




Windcube Parameters (internal use only) 
******************** 
Sampling Frequency (Hz)=250000000.000 
Ref Frequency (Hz)=67800000.000 
Pulses / Line of Sight=20000 
Samples / Pulse=1024 
Reflected Pulse Start=61 
Reflected Pulse End=135 
Ref pulse samples nb=1 
Nb High Pass Filter Points=5 
FFT Window Width=50 
Laser Diode  Current (mA)=1900 
LOS= 
Init Drive Position (°)=90 
Pulse Repetition Rate (Hz)=30000.000 
Pulse Duration (s)=0.000000175 













Altitudes (m)= 49 59 79 94 99 124 129 139 159 179 199 
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3.5 Photo documentation of LiDAR unit 
 
Fig. 3.6 LiDAR in its final position. 
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4. INPUT DATA PREPARATION 
4.1 Initial data sets 
The data set of the met mast and the LiDAR were provided to UL from the client. The LiDAR data 
were available in the “.sta” format. The met mast data were provided to UL in their correct physical 
quantity. The correct application of the calibration values and wind direction offsets was checked to 
prove consistency by UL. 
The measurement period for this calibration is 2019.08.20 – 2019.09.25 (UTC-6). 
The availability of the met mast data set amounts to 100% (5293 out of 5293 possible data samples) 
and the availability of the LiDAR data set amounts to 97.27% (5149 out of 5293 possible data 
samples). 
The availability of the combined met mast and LiDAR data set amounts to 97.27% (5149 out of 5293 
possible data samples).  
For the calibration evaluation a filtering of the data set is necessary in order to exclude influences that 
affect the measurement of the met mast’s sensors and the measurement of the LiDAR unit. The 
discussed filter criteria are applied to the original data set. The filtering procedure is performed for 
each evaluated measuring height separately. On the resulting data set a further visual inspection is 
performed. The following filters have been applied: 
4.2 Signal quality 
The LiDAR unit WindCube V2 by Leosphere determines for each 10-min mean value a signal quality 
value. The quality values relates to the signal to noise ratio detected by the LiDAR and lie generally in 
the range between 0 – 100. For the calibration evaluation a minimum signal to noise ratio of 80 is 
recommended by UL. This value has been determined from the user manual of the LiDAR. 
4.3 Wind speed 
For all evaluations, wind speed has been filtered between 4 and 16 m/s as requested by the IEC 
61400-12-1 Ed. 2 Annex L [2]. The wind speed signal recorded at the met tower has been used as a 
reference. Subsets of the data base have been filtered for studying the relations of wind direction, 
wind shear and turbulence intensity. 
4.4 Wind direction 
Wind direction filters have to free the meteorological mast and RSD from wakes from neighbouring 
wind turbines and other obstacles. Therefore, a wind direction filter has been applied and the resulting 
measurement sector (see section 2.4) is from 67° to 354°. 
Additional wind direction filters in order to avoid any disturbance effects from the met mast structure 
on the reference cup anemometers should be applied. A standard sector of +/- 45° away from the 
mast should be excluded from anemometer data. For the top anemometer at height 130 m, the 
excluded measurement sector is [335°-65°] since the lightening catcher is oriented at 20°. It is to be 
noted that the orientation for the lightening catcher could not be fully verified with the available 
documentation as explained in section 3.1. 
For the side boom mounted anemometers, the excluded measurement sector is [69°-159°]. The 
evaluated anemometers at height 125 m, 94 and 58 m are mounted on horizontal booms pointing 
towards 294°, the remaining measurement sector is from 159° to 335°. This approach is conservative 
with the mast disturbance effects observed, see below. 
The diagram in Fig 4.2 shows the ratio VMast1/VMast2 over all directions. It is expected to show a spike 
around 114° in the wind speed ratio as an indication of the mast wake around this direction. Another 
spike is expected around 20° to denote the lightening catcher effect on the top anemometer. The latter 
is not clearly detectable in the diagram as the corresponding sector coincides with the one affected by 
the turbine’s wake.   
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Fig. 4.2 Wind speed ratio vMast1/vMast2 over wind direction measurement dir1. The impact shown is a 
combination of mast effects. 
4.5 Specific filters 
For the subset of the turbulence intensity related evaluations, the data base has been filtered as to 
keep the values for turbulence values between 0.03 and 0.24 as recommended by [2] in table L3. The 
TI filter is applied only for the evaluation presented in Section 6.2. 
For the wind direction evaluation, an additional filtering has been applied. To avoid statistical artefacts 
caused by angles close to north, reference wind direction between 352.5° and 7.5° have been 
excluded as recommended by [3]. The northing filter is applied only for the evaluation presented in 
Section 6.3. 
For wind shear evaluation, the evaluated subset has been filtered as to keep the values for wind shear 
between -0.4 and 0.8 as recommended by [2] in table L3. The shear filter is applied only for the 
evaluation presented in §6.4. 
All the filters described previously in 4.2, 4.3, 4.4 and 4.5 are applied to all data, for each bin at every 
height. The specific filters are additional filters which apply respectively to turbulence intensity, wind 
direction and wind shear. 
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4.6 Filtering statistics 
The original data set consists of 5149 data samples. 
4.6.1 General filters 
The table below presents the amount of data samples excluded from the original data set by the 
different filters. They are applied to all evaluations. A single time step could be flagged by several 
filters, the union of this filtering is excluded in the final dataset. 








filter Icing filter 
Number % Number % Number % Number % 
130 m 479 9.3 1512 29.36 182 3.53 0 0.00 
125 m 464 9.01 1512 29.36 174 3.38 0 0.00 
94 m 457 8.88 1512 29.36 118 2.29 0 0.00 
58 m 478 9.28 1512 29.36 251 4.87 0 0.00 
4.6.2 Specific filter for turbulence intensity evaluation 
The table below presents the amount of data samples excluded from the original data set by filtering 
turbulence intensity between 0.03 and 0.24. 





130 m 1492 28.98 
125 m 1455 28.26 
94 m 1282 24.9 
58 m 1070 20.78 
4.6.3 Specific filter for wind direction evaluation  
The table below presents the amount of data samples excluded from the original data set by filtering 
wind direction over North between 352.5 and 7.5. 
Tab. 4.3 Filter statistics for additional filters applied for wind direction evaluations. 
Evaluated height 
Wind direction 
filter over North 
Number % 
130 m 72 1.4 
125 m 72 1.4 
94 m 72 1.4 
58 m 72 1.4 
 
4.6.4 Specific filter for wind shear evaluation 
The table below presents the amount of data samples excluded from the original data set by filtering 
wind shear exponent between -0.4 and 0.8 as well as filtering RSD measurements for low signal 
quality.  
Tab. 4.4 Filter statistics for additional filters applied for wind shear evaluations. 
Evaluated height 
Wind shear 
filter Quality filter 
Number % Number % 
125 m 58 m 106 2.06 251 4.87 
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5. UNCERTAINTY CALCULATION 
The main output of a RSD calibration report as described by [2] is to evaluate the uncertainty resulting 
from the RSD performance verification test. One should take this uncertainty into account while using 
the RSD data as primary input for a power curve calibration as requested by [2] or for a bankable 
energy yield assessment as recommended by [4]. 
The wind speed measurement uncertainty is calculated for every evaluated height. The considered 
uncertainty sources are the following [2]: 
• The standard uncertainty of the reference sensor (v_Cup uncertainty) with the following 
components (calculated with formula (3), page 8) 
o Calibration uncertainty at kp=1: 0.05 m/s 
o Class number k of anemometer: Class A 0.9 
• The uncertainty due to the mounting effects: 1.2% (top mounted, hub height anemometer), 
1.5% (all other cup anemometers evaluated in this report were side boom mounted). 
• The wind speed data acquisition system uncertainty: 0.1% 
• The standard uncertainty of calibrations between different laboratories: 0.4% 
• The mean deviation of the RSD measurements and the reference sensor (Mean deviation) 
• The standard uncertainty of the measurement of the RSD (𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠
√𝑁𝑁
, N representing the number 
of data per bin) 
• The uncertainty of the RSD due to mounting effects has been assumed with 0.1 % in wind 
speed (Mounting uncertainty RSD) 
• The uncertainty of the RSD due to non-homogenous flow within the measurement volume has 
been assumed to be 0 % in wind speed since the terrain is flat and simple. 
• The uncertainty due to the distance between the RSD and the reference sensor calculated as 1 % 
times the separation distance divided by the measurement height. These uncertainties are 0.33% 
for 130 m, 0.35% for 125 m, 0.46% for 94 m and 0.75% for 58 m. 
The resulting uncertainty (v_RSD uncertainty) is the root of the quadratic summation of the previous 
sources. 
In order to assess its performance, the mean deviations of the RSD measurements against reference 
measurements shall be compared to the standard uncertainty of the calibration reduced by the mean 
deviation. This uncertainty reduced by mean deviation is the root of the quadratic summation of all 
uncertainty sources except the mean deviation. 
It is recommended by [2] to correct the RSD measurements with the derived correction function 
Vcup(VRSD) presented in this report if the mean deviation exceeds the uncertainty reduced by mean 
deviation in at least one bin. 
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6. RESULTS OF CALIBRATION  
6.1 Calibration of horizontal wind speed measurement  
6.1.1 Calibration of horizontal wind speed measurement at 130 m 
Total number of used data sets:  3315 
Average of vcup of all used data sets: 10.005 m/s 
Average of vRSD of all used data sets: 10.124 m/s 
 
Fig. 6.1 Scatter plot of horizontal wind speed and deviation at 130 m for the data set prior to binning. 
 
Fig. 6.2 Plot of bin analysis of horizontal wind speed and deviation at 130 m for the complete bins.  
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Tab. 6.1 Correction functions from bin linear regression for complete bins at 130 m. 
Correction Function Slope Offset R² 
Fit VRSD = Vcup * Slope + Offset 0.9836 0.2778 1.0000 
Inverse fit Vcup = VRSD * Slope + Offset 1.0167 -0.2820 1.0000 
 
Tab. 6.2 Bin analysis of horizontal wind speed and uncertainty calculation at 130 m. 





















[m/s] [m/s] [-] [m/s] [m/s] [m/s] [m/s] [%] [%] [%] [%] [%] 
4.14 4.29 34 4.65 3.88 0.168 0.029 3.63 2.00 0.10 4.21 2.15 
4.50 4.66 80 5.19 4.10 0.232 0.026 3.55 1.88 0.10 4.08 2.00 
5.02 5.21 101 5.78 4.65 0.227 0.023 3.62 1.79 0.10 4.08 1.88 
5.52 5.70 115 6.38 5.14 0.218 0.020 3.33 1.72 0.10 3.79 1.80 
6.01 6.22 123 6.73 5.74 0.204 0.018 3.46 1.67 0.10 3.87 1.73 
6.50 6.67 128 7.17 6.09 0.200 0.018 2.73 1.62 0.10 3.20 1.68 
7.01 7.19 134 7.62 6.70 0.192 0.017 2.57 1.59 0.10 3.05 1.64 
7.51 7.67 163 8.34 7.17 0.199 0.016 2.14 1.56 0.10 2.68 1.61 
8.00 8.17 175 8.58 7.68 0.185 0.014 2.14 1.53 0.10 2.66 1.58 
8.51 8.65 177 9.23 7.94 0.202 0.015 1.63 1.51 0.10 2.26 1.56 
9.01 9.16 150 9.56 8.69 0.189 0.015 1.65 1.49 0.10 2.26 1.54 
9.51 9.67 176 10.18 9.19 0.189 0.014 1.62 1.47 0.10 2.22 1.52 
10.02 10.17 166 10.58 9.64 0.197 0.015 1.42 1.46 0.10 2.07 1.51 
10.51 10.63 160 11.15 10.09 0.213 0.017 1.20 1.45 0.10 1.92 1.50 
10.99 11.10 170 11.82 10.64 0.204 0.016 0.96 1.44 0.10 1.77 1.49 
11.49 11.59 169 11.94 11.13 0.171 0.013 0.84 1.43 0.10 1.69 1.47 
12.00 12.08 163 12.52 11.52 0.202 0.016 0.65 1.42 0.10 1.60 1.47 
12.51 12.58 164 13.44 11.95 0.210 0.016 0.59 1.41 0.10 1.57 1.46 
13.01 13.08 198 13.67 12.53 0.188 0.013 0.50 1.40 0.10 1.53 1.45 
13.51 13.57 182 13.92 13.17 0.162 0.012 0.47 1.40 0.10 1.52 1.44 
14.00 14.02 135 14.45 13.46 0.185 0.016 0.17 1.39 0.10 1.45 1.44 
14.49 14.51 102 14.90 14.05 0.190 0.019 0.19 1.39 0.10 1.45 1.44 
14.99 15.00 81 15.42 14.59 0.186 0.021 0.06 1.38 0.10 1.43 1.43 
15.51 15.52 46 16.00 15.17 0.184 0.027 0.01 1.38 0.10 1.43 1.43 
15.90 15.91 23 16.14 15.65 0.139 0.029 0.04 1.37 0.10 1.43 1.43 
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6.1.2 Calibration of horizontal wind speed measurement at 125 m 
Total number of used data sets:  3331  
Average of vcup of all used data sets: 9.991 m/s 
Average of vRSD of all used data sets: 10.057 m/s 
 
 
Fig. 6.3 Scatter plot of horizontal wind speed and deviation at 125 m for the data set prior to binning. 
 
 
Fig. 6.4 Plot of bin analysis of horizontal wind speed and deviation at 125 m for the complete bins. 
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Tab. 6.3 Correction functions from bin linear regression for complete bins at 125 m. 
Correction Function Slope Offset R² 
Fit VRSD = Vcup * Slope + Offset 0.9748 0.3107 0.9999 
Inverse fit Vcup = VRSD * Slope + Offset 1.0257 -0.3182 0.9999 
 
Tab. 6.4 Bin analysis of horizontal wind speed and uncertainty calculation at 125 m. 





















[m/s] [m/s] [-] [m/s] [m/s] [m/s] [m/s] [%] [%] [%] [%] [%] 
4.14 4.28 44 4.78 3.80 0.192 0.029 3.33 2.19 0.10 4.07 2.33 
4.53 4.68 76 5.17 4.22 0.226 0.026 3.40 2.09 0.10 4.05 2.19 
5.03 5.19 93 5.81 4.71 0.207 0.021 3.30 2.01 0.10 3.90 2.08 
5.51 5.68 117 6.31 5.09 0.222 0.021 3.11 1.94 0.10 3.70 2.01 
6.01 6.19 120 6.71 5.67 0.195 0.018 2.96 1.90 0.10 3.55 1.95 
6.49 6.64 133 7.50 6.06 0.215 0.019 2.33 1.86 0.10 3.01 1.91 
7.01 7.16 136 7.61 6.72 0.184 0.016 2.01 1.82 0.10 2.75 1.87 
7.51 7.64 169 8.31 7.15 0.198 0.015 1.83 1.80 0.10 2.60 1.85 
8.01 8.14 175 8.51 7.55 0.180 0.014 1.64 1.78 0.10 2.45 1.82 
8.50 8.61 176 9.08 8.19 0.185 0.014 1.25 1.76 0.10 2.19 1.80 
8.99 9.12 152 9.55 8.66 0.191 0.015 1.39 1.74 0.10 2.26 1.79 
9.50 9.60 167 9.96 9.14 0.189 0.015 1.12 1.73 0.10 2.09 1.77 
10.01 10.11 172 10.48 9.56 0.193 0.015 0.98 1.71 0.10 2.01 1.76 
10.50 10.57 169 11.15 10.07 0.211 0.016 0.63 1.70 0.10 1.86 1.75 
11.00 11.04 173 11.57 10.65 0.196 0.015 0.38 1.69 0.10 1.78 1.74 
11.50 11.53 176 11.93 11.04 0.175 0.013 0.27 1.69 0.10 1.75 1.73 
12.00 12.01 153 12.52 11.61 0.186 0.015 0.05 1.68 0.10 1.72 1.72 
12.51 12.51 169 13.38 11.77 0.221 0.017 0.00 1.67 0.10 1.72 1.72 
13.00 12.99 185 13.63 12.54 0.192 0.014 -0.08 1.67 0.10 1.71 1.71 
13.50 13.47 199 13.89 12.87 0.177 0.013 -0.20 1.66 0.10 1.72 1.70 
13.98 13.92 122 14.41 13.49 0.181 0.016 -0.46 1.66 0.10 1.76 1.70 
14.48 14.42 110 14.89 14.03 0.176 0.017 -0.39 1.65 0.10 1.74 1.70 
14.98 14.91 74 15.29 14.54 0.180 0.021 -0.45 1.65 0.10 1.75 1.69 
15.49 15.38 43 15.76 15.07 0.167 0.025 -0.75 1.65 0.10 1.85 1.69 
15.89 15.76 28 16.02 15.57 0.125 0.024 -0.79 1.64 0.10 1.86 1.69 
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6.1.3 Calibration of horizontal wind speed measurement at 94 m 
Total number of used data sets:  3357 
Average of vcup of all used data sets: 9.479 m/s 
Average of vRSD of all used data sets: 9.584 m/s 
 
 
Fig. 6.5 Scatter plot of horizontal wind speed and deviation at 94 m for the data set prior to binning. 
 
 
Fig. 6.6 Plot of bin analysis of horizontal wind speed and deviation at 94 m for the complete bins. 
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Tab. 6.5 Correction functions from bin linear regression for complete bins at 94 m. 
Correction Function Slope Offset R² 
Fit VRSD = Vcup * Slope + Offset 0.9790 0.2918 0.9999 
Inverse fit Vcup = VRSD * Slope + Offset 1.0214 -0.2973 0.9999 
 
Tab. 6.6 Bin analysis of horizontal wind speed and deviation at 94 m. 





















[m/s] [m/s] [-] [m/s] [m/s] [m/s] [m/s] [%] [%] [%] [%] [%] 
4.13 4.26 37 4.73 3.90 0.186 0.031 3.10 2.19 0.10 3.89 2.36 
4.50 4.68 77 5.18 4.25 0.206 0.023 3.95 2.09 0.10 4.53 2.20 
5.02 5.20 90 5.62 4.70 0.201 0.021 3.58 2.01 0.10 4.16 2.11 
5.51 5.68 130 6.03 5.28 0.183 0.016 3.01 1.94 0.10 3.63 2.02 
6.02 6.18 145 6.72 5.55 0.201 0.017 2.64 1.90 0.10 3.30 1.97 
6.51 6.68 145 7.33 6.24 0.198 0.016 2.57 1.86 0.10 3.21 1.93 
7.02 7.15 176 7.58 6.66 0.182 0.014 1.87 1.82 0.10 2.66 1.90 
7.51 7.65 183 8.18 7.14 0.208 0.015 1.89 1.80 0.10 2.66 1.87 
8.00 8.14 215 8.62 7.59 0.189 0.013 1.83 1.78 0.10 2.60 1.85 
8.51 8.65 175 9.09 8.16 0.199 0.015 1.63 1.76 0.10 2.45 1.83 
9.02 9.14 178 9.52 8.64 0.175 0.013 1.42 1.74 0.10 2.30 1.81 
9.51 9.63 193 10.19 9.24 0.182 0.013 1.25 1.73 0.10 2.19 1.80 
10.00 10.11 226 10.51 9.57 0.175 0.012 1.08 1.71 0.10 2.09 1.78 
10.50 10.60 221 11.10 10.09 0.189 0.013 0.90 1.70 0.10 1.99 1.77 
11.02 11.09 177 11.56 10.69 0.185 0.014 0.64 1.69 0.10 1.88 1.77 
11.51 11.58 173 12.20 10.77 0.184 0.014 0.61 1.69 0.10 1.86 1.76 
12.01 12.07 196 13.17 11.67 0.187 0.013 0.47 1.68 0.10 1.81 1.75 
12.51 12.56 208 12.98 12.18 0.180 0.012 0.42 1.67 0.10 1.79 1.74 
13.00 13.04 157 13.51 12.64 0.174 0.014 0.31 1.67 0.10 1.76 1.74 
13.48 13.51 117 13.99 13.15 0.166 0.015 0.18 1.66 0.10 1.74 1.73 
13.97 13.98 75 14.43 13.60 0.170 0.020 0.11 1.66 0.10 1.73 1.73 
14.45 14.41 31 14.70 14.10 0.159 0.029 -0.30 1.65 0.10 1.76 1.73 
14.97 14.92 21 15.18 14.59 0.174 0.038 -0.39 1.65 0.10 1.78 1.74 
15.48 15.45 7 15.56 15.24 0.098 0.037 -0.21 1.65 0.10 1.74 1.73 
15.84 15.71 4 15.80 15.63 0.083 0.042 -0.82 1.64 0.10 1.92 1.73 
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6.1.4 Calibration of horizontal wind speed measurement at 58 m 
Total number of used data sets:  3301 
Average of vcup of all used data sets: 8.563 m/s 
Average of vRSD of all used data sets: 8.625 m/s 
 
 
Fig. 6.7 Scatter plot of horizontal wind speed and deviation at 58 m for the data set prior to binning. 
 
Fig. 6.8 Plot of bin analysis of horizontal wind speed and deviation at 58 m for the complete bins. 
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Tab. 6.7 Correction functions from bin linear regression for complete bins at 58 m. 
Correction Function Slope Offset R² 
Fit VRSD = Vcup * Slope + Offset 0.9752 0.2632 0.9998 
Inverse fit Vcup = VRSD * Slope + Offset 1.0252 -0.2677 0.9998 
 
Tab. 6.8 Bin analysis of horizontal wind speed and deviation at 58 m. Bins over 15 m/s are incomplete. 





















[m/s] [m/s] [-] [m/s] [m/s] [m/s] [m/s] [%] [%] [%] [%] [%] 
4.08 4.20 34 4.49 3.92 0.133 0.023 2.87 2.19 0.10 3.73 2.38 
4.50 4.61 93 4.98 4.23 0.182 0.019 2.53 2.09 0.10 3.40 2.26 
5.01 5.13 116 5.58 4.73 0.201 0.019 2.44 2.01 0.10 3.27 2.18 
5.51 5.62 150 6.19 5.17 0.187 0.015 1.94 1.94 0.10 2.87 2.11 
5.99 6.11 186 6.75 5.65 0.190 0.014 1.87 1.90 0.10 2.78 2.06 
6.52 6.64 179 7.11 6.17 0.183 0.014 1.80 1.86 0.10 2.70 2.02 
6.99 7.09 217 7.80 6.62 0.197 0.013 1.43 1.82 0.10 2.45 1.99 
7.51 7.60 231 8.18 6.99 0.197 0.013 1.16 1.80 0.10 2.28 1.96 
8.00 8.09 260 8.64 7.68 0.182 0.011 1.02 1.78 0.10 2.19 1.94 
8.51 8.57 240 8.97 8.22 0.174 0.011 0.74 1.76 0.10 2.06 1.92 
9.00 9.06 260 9.74 8.68 0.182 0.011 0.71 1.74 0.10 2.03 1.91 
9.50 9.56 275 9.99 9.15 0.168 0.010 0.60 1.73 0.10 1.98 1.89 
9.99 10.03 257 10.66 9.56 0.182 0.011 0.35 1.71 0.10 1.91 1.88 
10.52 10.53 218 10.99 9.96 0.182 0.012 0.13 1.70 0.10 1.88 1.87 
11.01 11.02 210 11.67 10.65 0.189 0.013 0.12 1.69 0.10 1.87 1.86 
11.50 11.46 148 11.89 11.08 0.181 0.015 -0.30 1.69 0.10 1.88 1.86 
11.99 12.00 103 12.82 11.58 0.221 0.022 0.08 1.68 0.10 1.86 1.85 
12.46 12.44 82 13.03 12.01 0.207 0.023 -0.18 1.67 0.10 1.86 1.85 
12.91 12.91 24 13.25 12.63 0.161 0.033 -0.06 1.67 0.10 1.86 1.85 
13.44 13.44 9 13.65 13.17 0.156 0.052 -0.04 1.66 0.10 1.87 1.87 
13.93 13.80 3 13.97 13.70 0.123 0.071 -0.98 1.66 0.10 2.13 1.90 
14.45 14.18 4 14.26 14.12 0.051 0.026 -1.85 1.65 0.10 2.61 1.83 
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6.2 Calibration of turbulence intensity  
6.2.1 Calibration of turbulence intensity at 130 m 
Total number of used data sets:       2374 
Average turbulence intensity based on v_mast of all used data sets:  0.097 
Average turbulence intensity based on v_RSD of all used data sets:  0.125 
 
 
Fig. 6.9 Scatter plot of turbulence intensity and deviation at 130 m. 
 
Fig. 6.10 Plot of bin analysis of turbulence intensity and deviation at 130 m.   
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6.2.2 Calibration of turbulence intensity at 125 m 
Total number of used data sets:       2411 
Average turbulence intensity based on v_mast of all used data sets:  0.097 
Average turbulence intensity based on v_RSD of all used data sets:  0.124 
 
 
Fig. 6.11 Scatter plot of turbulence intensity and deviation at 125 m. 
 
 
Fig. 6.12 Plot of bin analysis of turbulence intensity and deviation at 125 m. 
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6.2.3 Calibration of turbulence intensity at 94 m 
Total number of used data sets:      2548 
Average turbulence intensity based on v_mast all used data sets: 0.097 
Average turbulence intensity based on v_RSD all used data sets: 0.117 
 
 
Fig. 6.13 Scatter plot of turbulence intensity and deviation at 94 m. 
 
 
Fig. 6.14 Plot of bin analysis of turbulence intensity and deviation at 94 m. 
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6.2.4 Calibration of turbulence intensity at 58 m 
Total number of used data sets:      2687 
Average turbulence intensity based on v_mast all used data sets: 0.100 
Average turbulence intensity based on v_RSD all used data sets: 0.113 
 
 
Fig. 6.15 Scatter plot of turbulence intensity and deviation at 58 m. 
 
 
Fig. 6.16 Plot of bin analysis of turbulence intensity and deviation at 58 m. 
 
  
West Texas  Page 38/73 
Calibration report of LiDAR unit “WLS7-436” Version: A 
  
Massachusetts Clean Energy Center 18 October 2019 
 
 
6.3 Calibration of wind direction measurement  
6.3.1 Calibration of wind direction measurement at 125 m 
Total number of used data sets:   4535  
Average of dir_mast of all used data sets: 180.258 deg 




Fig. 6.17 Scatter plot of wind direction and deviation at 125 m. 
 
Fig. 6.18 Plot of bin analysis of wind direction and deviation at 125 m.   
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6.4 Calibration of wind shear  
6.4.1 Calibration of wind shear between 125 m and 58 m 
Total number of used data sets:     3249 
Average shear of v_mast signals of all used data sets:  0.210 
Average shear of v_RSD signals of all used data sets:  0.220 
 
 
Fig. 6.19 Scatter plot of wind shear and deviation between 125 m and 58 m. 
 
Fig. 6.20 Plot of bin analysis of wind shear and deviation between 125 m and 58 m. 
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7. COMPLIANCE WITH THE IEC STANDARD REQUIREMENTS 
Criterion Minimum Standard Reported Value Criterion fulfilled 
Met mast sensors 
should be compliant 
with IEC V2 
 Thies Clima YES 
Data acquisition 
Use same averaging intervals for 
LIDAR and mast measurements 10min YES 
Record Avg, Std, extreme values, 
number of samples in 10 min 
period 
 YES 
Synchronization of RSD and mast 
sensors to within 1% of the 
averaging interval, test for 





Wind speed measurements 
binned into 0,5 m/s and wind 
direction binned into 5° bins 
 YES 
Each bin centered between 4 m/s 
and 16 m/s should have at least 3 
pairs of measurements 
Some bins are empty or 
incomplete* NO 
The amount of acquired data shall 
cover at least 180 hours 
3315 data sets for top 
evaluation => 552 hours YES 
Data preparation 
Reference Mast and RSD  free 
from wakes based on annex A 
Disturbed sectors 
excluded YES 
Reference cup anemometer not 
influenced by icing No icing detected YES 
Filtering for precipitation should 
only be undertaken if required by 
manufacturer 
Not required YES 




Use bin averaging to 
compare the RSD and 
Mast measurement 
Detailed procedure presented in  
annex L.3 of the standard  YES 
Calculate the total 
uncertainty of the RSD 
Follow recommendations of 
Annex L.4.2 of the standard  YES 
* Due to a lack of high wind speeds during the calibration period, some bins are empty or incomplete. 
The RSD measurement uncertainty could not be evaluated for these bins. The impact of the effect is 
larger for the levels closer to the ground. UL believes that the most sensitive wind speed range for 
wind turbine power production is covered. Furthermore, based on the wind speed measurement 
principle of the RSD as well as the data available in the sparsely populated bins it is reasonable to 
assume that a correction function can be applied to the wind speed range up to 16 m/s as well.  
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8. CONCLUSIONS  
UL performed the calibration test of the LiDAR WLS7-436 in flat terrain with an IEC compliant met 
mast. The evaluation is based on simultaneous measurements ranging from 2019.08.20 to 
2019.09.25. The two data bases have been filtered and evaluated following the recommendations in 
the available version of the IEC 61400-12-1 Ed. 2 Annex L [2]. 
The correlations of the wind speeds in terms of R² are good at all heights (R² > 0.9998 for the binned 
results). The RSD measurement uncertainty has been evaluated and is presented in this report bin-
wise for each evaluated height. Various correlation functions between the RSD wind speed and the 
reference sensors wind speed are also presented for each evaluated height. 
The correlation of wind direction measurements is very good (slope = 1.0002, R² = 0.9999). The RSD 
wind direction is lower than the met mast reported wind direction by a value of 3°. This is probably due 
to the northing uncertainty for both met mast wind vane and RSD device. 
The correlations give good results at all evaluated heights in terms of turbulence intensity. In general, 
the RSD gives higher binned values (by approximately 0.02) than the reference sensors. 
The correlation of calculated wind shear is good (slope = 0.9993, R² = 0,9995 for binned averages). 
The RSD wind shear is higher than the met mast wind shear by approximately 0.01. 
The criterion for applying a correction to a RSD measurement is given by the available version of the 
IEC 61400-12-1 Ed. 2 Annex L [2] explained in section 0.  
This version of the IEC 61400-12-1 Ed. 2 Annex L [2] recommends to apply a correction function if the 
bin-averaged deviations exceeds the reduced uncertainty (as defined in section 5 Uncertainty 
Calculation). 
This criterion is reached for 12 bins for height 130 m. The bins are centered between 4 m/s and 9.5 
m/s, and have in total 1556 data couple which represents 47% of the data set. 
This criterion is reached for 7 bins for height 125 m. The bins are centered between 4 m/s and 7 m/s, 
and have in total 719 data couple which represents 21% of the data set. 
This criterion is reached for 7 bins for height 94 m. The bins are centered between 4 m/s and 7.5 m/s 
excluding 7m/s , and have in total 807 data couple which represents 24% of the data set. 
This criterion is reached for 4 bins for height 58 m. The bins are centered between 4 m/s and 5 m/s, 
and 14.5 m/s, they have in total 247 data couple which represents 7.5% of the data set. 
As the criterion has been reached for several bins at all heights, a correction function can be applied 
to the data. One is free to decide on the exact form of correction to apply. 
Based on the results of the calibration of this RSD, and following the recommendations of the 
available version of the IEC 61400-12-1 Ed. 2 Annex L [2], the device WLS7-436 can be used with 
care in a wind measurement campaign in simple terrain provided the measurement campaign begins 
within one year of this calibration and the same filter settings are applied.  
According to IEC 61400-12-1, a calibration shall be considered as valid if the reference anemometer is 
mounted with ± 25% of the planned wind turbine hub height. Since the reference anemometer for this 
calibration is 130 meters, if this test were specifically for a power curve test, this calibration test would 
be valid for hub heights in the height range 104 m and 173 m. 
In case there is major service on the device (software update, speaker/antenna changes, etc.) the test 
should be repeated before starting a measurement campaign. 
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 [1]  IEC 61400-12-1, First edition 2005-12, Wind turbines - part 12-1: Power performance 
measurements of electricity producing wind turbines. Here focus on the annex F, G and 
Describing anemometer classification, mounting of sensors. 
 [2] IEC 61400-12-1, Ed.2, 2017-03, Wind turbines - part 12-1: Power performance 
measurements of electricity producing wind turbines. Here focus on the annex L. 
 [3] IEA Wind, First Edition, January 2013, 15. Ground-based vertically-profiling remote sensing 
for wind resource assessment. 
 [4]  MEASNET, “Evaluation of Site-Specific Wind Conditions”, Version 1, November 2009. 
 [5] MEASNET, “Cup anemometer calibration procedure”, Version 1, September 1997. 
 [6] ACCUWIND - Classification of Five Cup Anemometers According to IEC 61400-12-1, T.F. 
Pedersen, J.-A. Dahlberg, Peter Busche, Risø-R-1556(EN), May 2006/ Thies 
ClimaAdvanced Anemometer data sheet. 
 [7] Google Earth. 
 [8] Shuttle Radar Topography Mission (SRTM) http://srtm.csi.cgiar.org/.
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10.1 Description of the test equipment 
Tab. 10.1: Table of test equipment. 
Sensor Type Make Installation Date 
Dismantling 





































































Thies Clima 2019-08-02 Still mounted 0 – 360° 0.35° ±0.75 %  58.0m See Sec 10.3 
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2018-05-31 Still mounted 0...100 %  analogue 

































2018-05-31 Still mounted 0...100%  analogue 






















CR1000X 2018-06-12 Still mounted - - - - See Sec 10.5 
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10.2 Anemometer calibration protocols 
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10.2.2 Calibration protocol v2 
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10.2.4  Calibration protocol v5 
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10.3 Wind vane calibration protocol 
10.3.1 Calibration protocol dir1 
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10.3.2  Calibration protocol dir2  
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10.3.3 Calibration protocol dir3 
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10.3.4 Calibration protocol dir4 
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10.4 Air temperature and humidity sensor 
10.4.1 Air temperature and humidity sensor 1 
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10.4.2 Air temperature and humidity sensor 2 
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10.5 Air pressure sensor 
10.5.1 Air pressure sensor 1 
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10.5.2 Air pressure sensor 2 
 
